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Two-dimensional artificial magnetic honeycomb lattice is at the forefront of research on unconven-
tional magnetic materials. Among the many emergent magnetic phases that are predicted to arise
as a function of temperature, the low temperature spin solid phase with zero magnetization and
entropy is of special importance. Here, we report an interesting perspective to the consequence of
spin solid order in an artificial honeycomb lattice of ultra-small connected elements using electrical
dimensionality analysis. At low temperature, T ≤ 30 K, the system exhibits a very strong insulating
characteristic. The electrical dimensionality analysis of the experimental data reveals a fractional
dimensionality of d = 0.6(0.04) in the spin solid phase of honeycomb lattice at low temperature. The
much smaller electrical dimension in the spin solid phase, perhaps, underscores the strong insulating
behavior in this system. Also, the fractional dimensionality in an otherwise two-dimensional system
suggests a non-surface-like electrical transport at low temperature in an artificial honeycomb lattice.
The honeycomb lattice structure has generated signifi-
cant research interest in recent time, primarily motivated
by unusual electronic and magnetic properties, as found
in Graphene, silicene, MoS2 and artificial magnetic hon-
eycomb lattice, respectively.[1–4] Artificial magnetic hon-
eycomb lattice, initially conceived to explore the statisti-
cal properties of spin ice system in two-dimension,[5] has
raised many distinct issues and developed into its own
field of study. At the core of it lies the local moment ar-
rangements of ’two-in & one-out’ (or vice-versa) or ’all-in
or all-out’ configurations on a given vertex of the lattice
that give rise to highly degenerate ground state.[4] Here,
’two-in & one-out’ refers to two moments, aligned along
the length of the honeycomb element, point to the vertex
and one points away from the vertex, see Fig. 1a. Simi-
larly, the ’all-in’ configuration indicates that all moments
are pointing to the vertex of the lattice, Fig. 1b. The
ease in tunability of the structure allows us to study a
plethora of magnetic phenomena, such as spin ice, spin
liquid and topological magnetic properties, in a disorder
free environment.[6] Recent theoretical calculations pre-
dict the presence of a rich phase diagram of emergent spin
correlated phases in artificial magnetic honeycomb lattice
that would be difficult to achieve in a naturally occurring
bulk material. It includes the temperature dependent
evolution of spin ice order to spin liquid state, followed
by an entropy-driven magnetic charge-ordered state as
a function of reducing temperature.[4, 6] At much lower
temperature, the system is predicted to develop a spin
solid order, consisting of an alternating arrangements of
vortex loops of opposite chiralities.[7, 8] Since the vortex
magnetization profile implies zero net magnetic moment,
the spin order in a honeycomb lattice is expected to ex-
hibit zero magnetization and entropy state. Detailed un-
derstanding of a magnetic material or a particular physi-
cal or magnetic state requires the knowledge of electrical
properties, in addition to magnetic properties. In this
letter, we investigate the effect of spin solid order on the
(a) (b) (c)
FIG. 1: (color online) Moment configuration. (a) Schematic
of two-in and 1-out moment configuration on a honeycomb
lattice vertex. Here two moments are pointing to the vertex
and one point is pointing away from the vertex. (b) All-in
moment configuration where all three moments are pointing
to the vertex. (c) The scanning electron micrograph of a typ-
ical artificial honeycomb lattice, fabricated using the diblock
template synthesis method.
electrical properties in an artificial magnetic honeycomb
lattice.
The formation of vortex loops in the spin solid state
is expected to have profound impact on the electri-
cal characteristic of the two-dimensional magnetic hon-
eycomb lattice.[9] However, not much is known about
the low temperature electrical properties in this sys-
tem. Electrical measurements on the recently designed
two-dimensional permalloy (Ni0.81Fe0.19) artificial honey-
comb lattice of ultra-small elements reveal strong insu-
lating characteristic at low temperature, T ≤ 30 K, when
the system is known to manifest a spin solid order.[10]
Further understanding about the nature of electrical
transport is gained by analyzing the electric data at low
temperature using electrical dimensionality analysis. In
a complete surprise, we find that the system depicts a
fractional electronic dimensionality, d = 0.6(0.04), as op-
posed to the two-dimensional character. It suggests that
the electrical transport is a non-surface-like phenomenon,
perhaps represents a path-like behavior.
Previously, researchers have used electron-beam lithog-
raphy technique to create two-dimensional artificial mag-
netic honeycomb lattice.[5, 11, 12] The typical dimension
of the connecting element in this case is of the order
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2of 500 nm (length) × 50 nm (width) × 20 nm (thick-
ness). The large typical dimension of individual ele-
ment (or bond) leads to an effective moment of ' 107
Bohr magnetons (for permalloy). Such large magnetic
moment results in an exceedingly large inter-elemental
dipolar (magnetostatic) energy, ' 104 K, in a permal-
loy honeycomb.[4] The inter-elemental energy is basically
the dipolar interaction energy between two magnetic mo-
ments aligned along the honeycomb lattice elements (see
Fig. 1a-b). Therefore, the experimental system is well
into its ordered state at any reasonable measurement
temperature and thermal fluctuations could not induce
spin flip or induce the development of a new phase. The
inter-elemental energy, ED, is the controlling factor in
the temperature dependent magnetic phase transition.
The inter-elemental energy, ED, must be smaller than
the thermal energy, Eth = kBT, at a measurement tem-
perature T , so that the thermal fluctuation can overcome
this energy barrier. More recently, we proposed a sample
fabrication design, which resulted in ultra-small connect-
ing element, with a typical dimension of 12 nm (length)
× 5 nm (width) × 5 nm (thickness), and the large sam-
ple size of the honeycomb lattice. At this element size,
the estimated inter-elemental energy is ' 12 K, which is
small enough to allow temperature to be a feasible tun-
ing parameter to explore the predicted phase diagram
in artificial honeycomb lattice. Using small angle neu-
tron scattering and neutron reflectometry measurements
on the recently designed artificial honeycomb lattice, we
demonstrated the development of temperature dependent
magnetic phases, including the spin solid order at low
temperature, in this system.[10, 13]
The fabrication of two-dimensional permalloy honey-
comb lattice of ultra-small element involves the synthesis
of diblock copolymer template, coupled with reactive ion
etching and material deposition using a state of the art
deposition stage in a near parallel configuration. For this
purpose, we utilized a diblock copolymer polystyrene-b-
poly-4-vinyl pyridine (PS-b-P4VP) of molecular weight
23 K Dalton with the volume fraction of 70% PS and
30% P4VP. The diblock solution in toluene was spin
casted at 2500 rpm on top of the silicon substrate to
create a thin polymer film. The sample was solvent an-
nealed at 25o C for 12 hours in a mixture of tetrahydrofu-
ran:toluene (80:20 v/v) environment. Subsequent clean-
ing of the polymer sample in ethanol solvent removes
one component of the diblock copolymer (P4VP) and
generates a large uniform hexagonal nanoporous tem-
plate of polystyrene with the pore dimeter of ' 12 nm
and a lattice spacing of ' 30 nm.[14] Next, the diblock
template was used as the etching mask to transfer the
hexagonal pattern to the underlying silicon substrate us-
ing CF4 (carbon tetrafluoride)-based reactive ion etching
technique. After reactive ion etching, the polymer tem-
plate is usually etched away. We cleaned the substrate
in toluene solvent to remove any polymer residue. The
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FIG. 2: (color online) Electrical resistivity and multiple mag-
netic regimes in artificial permalloy honeycomb lattice of
ultra-small element. (a) Electrical resistivity, ρ, as a func-
tion of temperature. Different magnetic regimes, as evidenced
from the neutron scattering measurements (see text and asso-
ciated references), are separated by dashed lines. Inset shows
the schematic of four probe electrical measurements config-
uration where gold wires are attached to the sample using
silver paint. The average size of silver dot was ' 0.5 mm,
while the sample size was 4 mm (width) × 7 mm (length).
(b) Schematic depiction of various magnetic phases in the
newly designed artificial magnetic honeycomb lattice as mea-
surement temperature is reduced. At low temperature, T ≤
30 K, the system enters into a spin solid order regime.
top layer of the substrate resembled a honeycomb lattice
pattern. This topographical property was exploited to
create metallic honeycomb lattice by depositing permal-
loy, Ni0.81Fe0.19, in near parallel configuration (within 1
degree) using a new sample holder, specifically designed
to limit the deposition to the top of the substrate only,
in an electron-beam evaporator. The substrate was ro-
tated at a moderate constant speed about its axis dur-
ing the deposition process to create uniformity in the
film thickness. The latter process helps in achieving the
two-dimensional character of the structure. The scan-
ning electron micrograph of a typical honeycomb lattice
is shown in Fig. 1c. Electrical measurements are per-
formed using the four probe configuration on a 4 mm ×
7 mm (length) size newly synthesized honeycomb lattice
sample, shown in the inset of Fig. 2a. Electrical contacts
were made using ultra-high purity silver paint and gold
wire of 99.99% purity. Magnetic hysteresis measurement
was performed using a commercially available Quantum
Design magnetometer with a base temperature of ' 2 K.
We plot the normalized electrical resistivity as a func-
tion of temperature in Fig.2a. There are several differ-
ent temperature regimes, indicative of different magnetic
phases in the system.[10, 13] Previously, detailed small
angle neutron scattering (SANS) and reflectometry mea-
surements provided insight into magnetic correlation in
different temperature regimes in this system. As de-
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FIG. 3: (Color online) Magnetic measurements in ap-
plied magnetic field and micromagnetic simulation results of
permalloy honeycomb lattice. (a) M vs. H measurement at
T = 5 K. Magnetic field was applied in-plane to the sam-
ple. (b) Experimental data is compared with micromagnetic
(MM) simulation. Near zero field, the artificial honeycomb
lattice exhibits pairs of vortex loops of opposite chiralities
(shown in the inset of Fig. a). The magnetic hysteresis loop
obtained from micromagnetic (MM) simulation, fig. b, agrees
well with the experimental data. The MM simulation was
performed using 0.2 × 0.2 nm2 mess size, with magnetic field
applied in-plane to the lattice.
scribed schematically in Fig. 2b, the system undergoes a
transition from the paramagnetic phase, where the mag-
netization across the lattice is described by the random
distribution of ’2-in & 1-out’ (or, vice-versa) and ’all-in
or all-out’ moment arrangements on the honeycomb ver-
tices, to the short-range ordered spin ice phase, primar-
ily involving ’2-in & 1-out’ (or, vice-versa) configuration
only. Here, ’2-in & 1-out’ refers to a peculiar config-
uration of two moments, aligned along the honeycomb
lattice elements due to the shape and magnetocrystalline
anisotropy, are pointing to the vertex and one moment
is pointing away from the vertex in the system. Thus,
it obeys the quasi-ice rule. Similarly, all-in and all-out
moment configurations indicate situations where all mo-
ments are either pointing to the vertex or pointing away
from the vertex, respectively. As temperature is reduced
further, the magnetization pattern changes to the mag-
netic charge ordered state, which consists of random pair
of vortex loops of opposite chiralities. At much lower
temperature, T ≤ 30 K, the system is found to develop
long range spatial correlation of spin solid order, mani-
fested by the ordered arrangements of the vortex loops
of opposite chiralities of magnetic moments. We observe
that the electrical resistivity exhibits a very sharp en-
hancement of more than two orders of magnitude, com-
pared to the value at T = 40 K, in the spin solid regime.
The artificial honeycomb lattice exhibits strong insulat-
ing characteristic in the long range ordered phase.
The spin solid phase is manifested by the vortex loops
of opposite chiralities. This is also confirmed by mag-
netic hysteresis measurements at low temperature. In
Fig. 3a, we plot M vs H data at T = 5 K. A sharp
transition to a near zero magnetization state near the
zero field value is observed in the magnetic hysteresis
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FIG. 4: (Color online) Dimensionality analysis of the conduc-
tivity data. Electrical conductivity data at low temperature
(in the spin solid phase) is fitted using AL model to extract the
electrical transport dimensionality of the system. The system
manifests a fractional dimensional behavior, d = 0.6(0.04),
in the spin solid phase, as opposed to the two-dimensional
characteristic at higher temperature. Inset shows the fit to
higher temperature conductivity data, which confirms the
two-dimensional character of the system (d = 2.06(0.14)).
plot. To understand this, we have performed micromag-
netic simulations on artificial permalloy honeycomb lat-
tice of similar element size and thickness by utilizing the
Landau-Lifshitz-Gilbert equation of magnetization relax-
ation in a damped medium.[15] For the simulation, we
have used exchange stiffness A = 1.0×10−11 J/m, uniax-
ial anisotropy strength K1 = -1.0×103 J/m3 and damp-
ing constant α = 0.2, that are also standard parame-
ters for permalloy ferromagnet. The artificial honey-
comb lattice was simulated using 0.2 × 0.2 nm2 mess size
on the OOMMF (object oriented micromagnetic frame-
work) platform, with magnetic field applied in-plane to
the lattice.[16] As shown in Fig. 3b of the simulated curve
and magnetization profile, the magnetic correlation near
zero field is found to be dominated by the distribution
of the vortex loops of opposite chiralities, as predicted in
the spin solid state.
The electrical insulating behavior in the spin solid
phase at low temperature is unusually strong. This is
a very surprising observation. After all, the lattice struc-
ture parameters remain unchanged and the only change
occurs is in the form of the rearrangement of the magne-
tization pattern. To understand this, we have performed
dimensionality analysis of low temperature electric data
using Aslamozov-Larkins (AL) model.[17] AL model is
often used to deduce the electrical dimensionality of a
material, especially type-II superconductor where the un-
derlying physics is dominated by the pairs of magnetic
vortex and anti-vortex circulations that give rise to ad-
ditional resistance.[18, 19] Similar magnetic vortices are
the building blocks of spin order state. AL model corre-
lates conductivity to a characteristic parameter t vis the
following relation: σ = (a + bT )−1 + c t−(+1), where
4a, b, c are constants and t is given by, t = (1-T/T0).
Here T0 is the onset to the spin solid phase, T0 = 33 K.
The fitting parameter  is related to the electrical dimen-
sionality d by d = 4 - 2. We fit the low temperature
conductivity data using the AL model, as shown in Fig.
4. The estimated electrical dimensional value is found to
be d = 0.6(0.04), which is much smaller than the surface
dimensionality (D = 2). It suggests that the electrical
properties do not follow the typical surface transport be-
havior at low temperature. If we use the same model
to fit the data in other temperature regimes, then the
estimated dimensionality is found to be d = 2.06(0.14),
which is close to the full lattice dimensional value of 2
(see the inset in Fig. 4). The two-dimensional character
is preserved across the entire temperature range of the
measurement, except in the spin solid regime where it
exhibits fractional dimensionality.
In Summary, we have observed two interesting elec-
trical properties: first, the system exhibits a strong in-
sulating characteristic as soon as it enters in the spin
solid phase and second, the electrical transport follows a
fractional dimension at low temperature, which is even
smaller than d = 1. In general, a bulk material (of
electrical dimensionality three) manifests smaller resis-
tance, compared to the lower dimensional system e.g.
two-dimensional system. As the dimensionality reduces,
the electrical resistance tends to increase.[20] If the hon-
eycomb lattice follows the trend, then the electrical di-
mensionality of d = 0.6 at low temperature should ex-
hibit a much larger resistance, compared to the full two-
dimensional value at higher temperature. The experi-
mental observation is consistent with this qualitative ex-
planation. It also suggests that the system does not fol-
low the surface-like transport at low temperature, which
is a common property of two-dimensional systems. How-
ever, different lattice structure, for instance square spin
ice configuration, may exhibit different electrical dimen-
sionality than the honeycomb structure, as the loop state
of spin solid order cannot be generated in the latter
case. Interestingly, the surface-like behavior is preserved
throughout the measurement, except in the spin solid
phase at low temperature, in artificial magnetic honey-
comb lattice. The underlying physics behind such a dras-
tic change in the electrical transport pattern is not un-
derstood at this point. It can be argued that the ordered
arrangement of vortex loops plays an indirect role in this
process. However, we do not have any direct evidence,
which can corroborate this hypothesis. Future research
works, especially theoretical, that can correlate these two
phenomena are highly desirable. It will also be helpful
in understanding the role of magnetism in the electrical
transport properties in two-dimensional lattice.
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